Future bandwidth demand in optical communication and signal processing systems will soon exceed 100 Gb s −1 as is commonly forecasted from a throughput experience curve for communication systems. However, such systems cannot be realized without introducing ultrafast, all-optical devices, since existing optoelectronic and electronic devices and integrated circuits would not be able to function at a bit rate exceeding 100 Gb s −1 , because of the speed limit intrinsic to conventional semiconductor materials and devices. All-optical devices based on completely new principles, not being restricted by properties of existing materials and device principles, must be developed for the realization of ultrafast communication and signal processing systems. This paper reviews requirements of ultrafast all-optical devices and recent progress in ultrafast light sources and all-optical switches based on either novel device principles or ultrafast phenomena in novel materials such as quantum-confined nanostructures. Recent developments described here include mode-locked lasers and a variety of all-optical switches based on different phenomena including Mach-Zehnder interferometer structures, spin relaxation, intersubband transition, and ultrafast absorption recovery in organic thin films and semiconductor quantum dots. Some of the recent developments have already shown capability of basic functions such as ultrafast pulse generation and signal processing at the bit rate of 500 Gb s −1 to 1 Tb s −1 . Technical challenges expected for the future are discussed in view of their applications in real systems.
Introduction
Optical fibre communication system technology has been developed extensively since the first system installation in early 1980s, and the most recent trunk lines run at a bit rate of 10 Gb s −1 , and even 40 Gb s −1 systems have been already prototyped and are expected to be commercialized soon. Adding to such high-bit-rate time division multiplexing (TDM) systems, wavelength division multiplexing (WDM) systems, which can involve hundreds of different wavelength channels to support the overall throughput even close to 1 Tb s −1 , are being used in recent systems, as is illustrated in figure 1 [1] . On the other hand, the most recent trend of the information transmission volume does not show any sign of saturation, regardless of the recent worldwide recession of the communication market at the very beginning of the new millenium [2] . This is thought to be caused by the ever increasing, strong demands for transmitting multimedia information through global networks involving internet and cellular phone services. Judging from an extrapolation of the increasing rate of information volume, a breakthrough is required in optical communication technology to improve the throughput in the range between 1 and 10 Tb s −1 within a decade.
In order to achieve such an extremely high throughput in communication systems, WDM technique could be extensively used to further increase the system throughput. However, this approach would suffer from a variety of problems: the use of many lasers, each of which must be readily tuned to a specific wavelength channel, becomes difficult or even impractical as the channel number increases. This limit in the wavelength management and handling may restrict the total system throughput. On the other hand, the operating bit rate of current TDM systems is basically limited by the speed of electronics used for signal processing and driving optical devices, and its improvement beyond a level of 100 Gb s −1 seems to be rather difficult by solely relying on existing electronic technologies. In contrast with this electronic TDM technique, optical TDM (OTDM) will be able to break this limit, since all the necessary signal processing functions are carried out all-optically, once the technological platform of ultrafast device design and fabrication is established [3] . A combination of ultrafast OTDM with ultra-wideband WDM is expected to become a practically useful technique for supporting the throughput level exceeding 10 Tb s −1 in future network systems. Thus the development of ultrafast all-optical devices which can operate in the femtoseconds time scale is strongly desired for achieving very high throughput OTDM systems. Technical feasibility of ultrafast signal transmission and processing at a bit rate in the range of 100 Gb s −1 and 1.28 Tb s −1 has been demonstrated in laboratories by employing primarily optical fibrebased lasers and nonlinear devices. A recent transmission experiment has shown 1.28 Tb s −1 signal over 70 km [4] . The most recent development of OTDM device and system technology have been reviewed by Morioka et al [5] .
For establishing practical OTDM and OTDM/WDM combined systems, however, compact, stable and cost-effective, ultrafast all-optical devices are prerequisites. Based on this recognition, extensive research and development are being conducted in the area of ultrafast physics, materials and devices by various research groups worldwide. Some of the new results have been reported in a recently published book [6] . This paper discusses recent advances in femtosecond alloptical devices with a particular emphasis on ultrafast pulse generators and all-optical switches as basic devices for ultrafast systems [1, 7] . The next section describes first the advantages of femtosecond all-optical devices and explains basic signal processing functions required for network systems. In the following sections, we review recent progresses in typical all-optical devices by taking examples which are being developed in the framework of Femtosecond Technology R&D Program funded by METI (Japan) with a particular focus on devices being tackled at Femtosecond Technology Research Association (FESTA) Laboratories [7, 8] . They include ultrafast devices for mode-locked pulse generation, pulse compression and dispersion compensation, and a few different types of all-optical switches using various device principles and ultrafast materials. Some of these novel devices have already shown capability of basic signal processing function at the bit rate of 500 Gb s −1 to 1 Tb s −1 .
Advantages and requirements of femtosecond devices
The use of ultrafast pulses has a variety of potential advantages [9, 10] as is illustrated in figure 2. They include the advantage of fully utilizing the material's nonlinearity by an extremely high peak intensity of field in ultrafast pulses. This is essential in the development of all-optical switching and modulation devices with high efficiency without increasing the average power consumption. An ultrashort optical pulse occupies an extremely short distance in space and propagates at the light velocity, and this means a possibility to precisely control the delay time in a small dimension and the overall optical device and circuit can be very compact. Ultrashort pulse has a large spectral width due to the pulse shape-spectrum interdependence deduced directly from Fourier transform relationship, and this merits the use of various photonic functions in wavelength division, such as the extraction of multi-channel wavelengths from a ultrashort pulse, and also the wavelength conversion and pulse waveform shaping by applying this property. The extraction of 200 wavelength channels has been shown using a femtosecond pulse [11] . These can contribute to combine both OTDM and WDM techniques to increase further the overall throughput of optical signal transmission and processing systems.
Schematic diagram of a key part of the OTDM network system is given in figure 3 . In a transmitter, generation and coding functions of ultrafast pulses are required. Ultrafast pulses are generated by a mode-locked laser with a relatively low repetition rate, and they are multiplied and coded by external control signals using an array of delay-line/modulator, in which arms have different delay times. The pulse is compressed or shaped if necessary and then transmitted through a fibre or other transmission medium. The propagation loss and dispersion effect being experienced in the transmission medium can be compensated by an optical repeater including either 2R function, which stands for reamplification and reshaping, or 3R function, which adds the retiming function to 2R. The function of optical nodes is to receive and drop necessary signals by using a demultiplexing circuit (DEMUX) and to add slow rate signals prepared externally by using a multiplexing circuit. The clock recovery circuit is necessary to extract clock timing out of the incoming series of data signals, and wavelength conversion may be required for directing signals to other WDM network channels. This node function includes optical add/drop multiplexing function and sometimes covers even the exchange function for a large number of channels that is often called optical cross connect [12] .
To illustrate a little more precisely what sort of optical functions and devices are required to realize optical nodes, a photonic router circuit based on optical switches is shown in figure 4 . Routing function is achieved basically in a header recognition circuit by recognizing the routing header pulses which are placed just before the pay load signal pulses within a signal packet which is fed into the router. Recognition is carried out by comparing the header signal pattern and the reference keyword pattern by using an AND gate. In case the header signal pattern matches the keyword pattern, the input signal is dropped within this node through the cross state of a 2 × 2 optical switch, otherwise the signal is sent to the cut-through output port. Add signals are also allowed to transit to other nodes through this 2 × 2 switch.
A variety of such optical circuit-level functions are required for completing network functions, and they should be realized by combining basic device-level functions such as all-optical Input signal packet is sent to either the cut-through port or the drop port depending on the header recognition result. In the header recognition circuit, the routing header signal pattern is compared with the reference keyword pattern at ultrafast speed. switch, modulator, low-level logic (AND, OR, EXOR, etc), delay and memory, and also other optical device functions such as pulse waveform shaper, wavelength filter and converter, etc. Among these, the most basic, indispensable device function for ultrafast optical signal processing systems should be the generation and switching of ultrafast optical signals. Ultrafast signal transmission and processing functions demonstrated so far have been achieved by using devices based on the nonlinearity of optical fibres. In order to establish a technical platform for ultrafast optical systems however, realization of compact, stable and cost-effective femtosecond all-optical devices is a prerequisite. For realizing those ultrafast devices, new materials and device structures must be developed. For example, conventional optoelectronic devices consist of semiconductor materials and their operation speed is limited by the carrier recombination lifetime, which is usually in the ns or sub-ns range. To overcome this limit, various approaches are being exploited for developing new device concepts, which include novel device structures such as the Mach-Zehnder interferometer structure, new ultrafast phenomena such as spin relaxation and intersubband transition (ISBT) in quantum wells (QWs), or new materials (including quantum dots (QDs) and organic thin films), as will be discussed in the following sections.
Recent progress in femtosecond light sources
Compact ultrafast lasers are indispensable for generating clock and data signals as well as control pulses for driving other all-optical devices. Ultrashort pulsewidth, sufficiently high optical power and repetition rate with low timing jitter, stable operation and compact size are basic requirements of ultrafast light sources for practical application in OTDM systems. Modelocked lasers have been most extensively studied and promising results of ultrafast operation near 500 Gb s −1 have been demonstrated. A combination of gain-switched laser and pulse compressor is another method of generating ultrafast pulses, and this technique is advantageous in flexibility of selecting the repetition rate. A novel, compact dispersion control device applicable to 1 psclass pulse compression has been developed on the basis of matured III-V semiconductor device technology.
Monolithic mode-locked lasers
The semiconductor monolithic laser structures are advantageous to generate pulses with transform-limited waveforms and a very high repetition rate owing to the very wide optical gain bandwidth and extremely short photon round trip time, which are characteristic of micro-cavity semiconductor laser structures. Passive mode-locking, which requires no external electronic control circuits, is advantageous for high repetition rate operation and has been studied using discrete semiconductor lasers and then integrated laser structures. Monolithic integration of colliding pulse mode-locked (CPM) laser was first demonstrated in a GaAs-based laser [13] , and improved performance, such as sub-ps pulse width and the highest repetition frequency of 1.54 THz [14] , was reported later in InP-based long-wavelength lasers. Greatest technical issues in semiconductor mode-locked lasers are how to design structures for generating ultrashort pulses with high extinction ratio at high repetition rate, and how to stabilize the timing and frequency of pulse generation.
A semiconductor mode-locked laser basically consists of a gain medium and a saturable absorber placed within a waveguide cavity. Saturable absorber is composed of a reverse-biased heterostructure waveguide, most often the same as that used for the active gain medium. To obtain ultrashort pulse width and high repetition rate, it is essential to have a very fast absorption recovery in the saturable absorber. These speed-up effects have been shown by introducing a graded-index separate confinement heterostructure (GRIN-SCH) for the saturable absorber [15] and also by applying a high reverse bias voltage to a saturable absorber which is designed intentionally for detuning to a shorter wavelength under no bias voltage [16] . Both of these methods are effective to rapidly sweep out photo-generated carriers in the absorber material. For further shortening the pulse width, the saturable absorber length must be sufficiently short for reducing the pulse propagation time inside it. It should be noted, however, that there is also a tradeoff between the propagation time and the absorption strength for minimizing the pulse width [17] . Another important factor for shortening the pulse width is to maximize the ratio of pulse compression, which is caused by the nonlinearity within the saturable absorber. In order to maximize the compression ratio, it has been shown to be very effective to reduce the background absorption in the laser cavity. This has been confirmed by a laser structure involving a high-purity i-InP spacer layer inserted in between the active and p-doped cladding layer [17] . A monolithic structure involving a saturable absorber with optimized length (80 µm) and a low-loss waveguide structure incorporating an i-InP spacer layer has exhibited a pulse width well below 1 ps (790 fs) [17] .
Pulse repetition rate, or the mode-locking frequency (f ML ), is determined by the cavity round trip time or its harmonics: f ML = Nc/2n g L, where c is the light velocity in vacuum, n g the group velocity index (typically 3.5 in semiconductor lasers), L the cavity length and N the harmonic number for mode-locking. The fundamental mode-locking frequency for a conventional monolithic mode-locked laser having the saturable absorber at one end of the laser cavity is expressed by N = 1. In a CPM laser structure where a saturable absorber is located in the middle of two gain sections, the repetition frequency is increased by two times for the same cavity length (N = 2). To obtain a high repetition frequency, short cavity length is effective. Figure 5 shows the structure of a short cavity GRIN-SCH CPM laser [18] . Advantages of using CPM configuration are both shorter round trip time and lower absorption bleaching energy. The structure was grown and fabricated on an InP substrate by the metal organic chemical vapour deposition (MOCVD) technique. The active layer consists of a 0.8% compressively strained InGaAsP/InGaAsP multiple QW (MQW) structure. The total cavity length is 174 µm and the saturable absorber section has a length of 17 µm. Laser facets were coated by highly reflective (85%) Al 2 O 3 /Au thin films. Figure 6 shows (a) the second harmonic generation (SHG) correlation trace and (b) optical spectrum of the laser output. The current biases for two gain sections are 47 and 31 mA and the reverse bias for the saturable absorber is 0 V. The pulse repetition frequency observed is 480 GHz, agreeing with twice the cavity round trip frequency. This is also in agreement with the spectrum in that the longitudinal modes are enhanced every other two mode. The pulse width and spectral width are 0.58 ps and 8 nm, respectively, and the time-bandwidth product is 0.58, indicating a nearly transform-limited pulse waveform. It is noteworthy that the extinction ratio observed has been significantly improved when compared with previously reported results [14] . The averaged optical power is 1.6 mW.
Synchronization to external clock signals and low timing jitter characteristics are important in practical application of mode-locked lasers. Various synchronization techniques including Timing jitter characteristics measured using a beat signal generated between the CPM laser and a reference laser with known jitter property. Narrowing of the beat signal due to optical injection demonstrates optical synchronization. Jitter evaluated from these data is 0.14 ps [18] .
electrical and optical injection have been investigated. The most promising technique for ultrafast OTDM is sub-harmonic optical synchronous mode-locking (SSML) using sub-harmonic frequency optical pulse injection. This technique can be applied by using low-repetition-rate optical pulses and no ultrafast driving source is required. SSML stabilized operation over the range 8.5-160 GHz has been demonstrated [19, 20] .
Since the timing jitter of ultrafast pulses cannot be measured by conventional electronic measurement techniques, a novel all-optical down converting technique has been developed, in which a beat signal is generated between the output signal to be measured and a reference signal with known jitter property, by using a nonlinear device [18] . Figure 7 shows the resultant electrical power spectra of the generated beat signal with and without master laser optical injection. In this case, the output signal frequency is approximately 480 GHz and master laser and reference laser frequencies (f master and f ref ) are approximately 10 and 40 GHz, respectively. Without master laser excitation, the spectrum is broadened, indicating free running operation without long-term mode-locking. In contrast, a discrete frequency component (48f master − 12f ref ) appears upon optical injection, indicating that 48th mode-locking is achieved. The timing jitter estimated from these data is 0.14 ps for an optical injection power of −12 dBm. This jitter is rather shorter than that of the master laser, which is interpreted to show superior short-term stability than the present laser [18, 20] .
Pulse waveform control techniques
As described above, monolithic mode-locked lasers have been shown to be suitable for application to clock and data signal generation in OTDM systems due to their capability of ultrafast operation with high stability. Extensive studies to further reduce the pulse width and to increase the repetition frequency are in progress. For reducing the pulse width, the use of an external pulse compressor has been studied and a pulse width less than 20 fs has been achieved by a couple of groups using a well-designed pulse compressor composed of a series of fibres with different dispersion characteristics [21, 22] . Also, the repetition frequency is increased by a novel technique called the repetition frequency multiplication technique based on the periodic interference of GVD (group velocity dispersion)-induced phase shifts of lasing modes in an external single-mode fibre [23] . This technique has been applied to a high-repetition-rate laser described above to generate 1 THz pulses [24] .
A device element which enables the control of GVD within a compact chip of the solid state material such as semiconductor would be very useful for practical ultrafast devices for pulse generation and waveform shaping. A novel GVD controlling device based on the coupledwaveguide approach [25] has been developed. A coupled waveguide device has been fabricated on an InP substrate, in which two core layers with different thicknesses and compositions are laminated using an intermediate layer. Two guiding layers have fast and slow group velocities and a very large GVD can be generated due to mode coupling between them. Successful compression of a chirped pulse with a pulse width from 2.2 ps down to 510 fs has been demonstrated in a device as short as 4 mm in length [26] . Also, pedestal-free compression near the 1 ps range has been shown in an asymmetric-coupled waveguide made of TiO 2 /Si with a larger refractive index difference [27] .
This result of compact, semiconductor-based devices is significant not only for providing compact dispersion compensators and pulse compressors but also for enabling future monolithic integration of light sources and pulse compressors. Another interesting approach for controlling the group delay, GVD and pulse shapes is the application of photonic crystals (PCs) [28] . There are many active researches in this field. Among many new ideas being reported, the optical delay device is interesting for ultrafast signal processing. A delay time as long as 600 fs has been demonstrated in a simple, planar, one-dimensional (1D) PC waveguide device with a length of 15 µm, which has been fabricated on a Si on insulator substrate [29] . This result indicates four times reduction of the group velocity compared with that without photonic crystal. Such an approach is considered to be useful to control the pulse timing, which will be a prerequisite in future all-optical signal processing circuits.
Dispersion compensators, particularly adaptive dispersion compensators involving higherorder dispersion control, become increasingly important as the signal bit rate of the transmission system increases. A hybrid integration approach has been adopted to combine temperaturecontrolled fibre Bragg gratings to enable controlling the GVD and also the dispersion slope. Adaptive nature of the dispersion control has been demonstrated by a pulse shape control in the range 8.5-1.8 ps for a starting pulse with 4.3 ps width [30] . switches include ultrafast response, high repetition rate, low switching energy, a high contrast ratio and a low insertion loss. An early report on all-optical switching was based on non-resonant nonlinearity in the materials such as the optical Stark effect or virtual transition, but it required an impractically high excitation power to function. Instead, resonant nonlinearity is likely used in devices from the switching energy viewpoint, but a breakthrough is needed for avoiding the speed limit. There are a couple of different approaches being examined to overcome this, such as: In the following, recent progresses in representative examples of these developments are discussed.
A symmetric Mach-Zehnder (SMZ) all-optical switch
A SMZ switch first proposed by Tajima et al [31] is a very powerful technique to realize ultrafast switching using conventional semiconductor materials. Its operation is based on differential (push-pull) phase modulation of the nonlinear element pair incorporated into an interferometer configuration. The SMZ switch has two arms, including nonlinear waveguides (NLWGs), and two ports for control pulse injection as shown in figure 8 . In each NLWG, the control pulse produces a nonlinear refractive index change and causes phase shift in the propagating light pulse. When a control pulse is injected into one arm, the signal is switched from one output port to the other due to π phase shift (switch-on). When another control pulse is injected into the other arm after a short interval, the same nonlinearity occurs in this arm and the phase mismatch is cancelled at the output port and the signal light is switched back (switch-off). Thus ultrafast switch-off and square switching window are achieved regardless of the slow recovery in nonlinear elements. During its travel in an NLWG, the light pulse may exhibit frequency chirping, since chirp is in proportion to the rate of index change caused by the nonlinearity. It is interesting to note that the frequency chirp can also be cancelled in this configuration. The hybrid-integrated SMZ device with a structure as shown in figure 9 has been fabricated by using a silica-based planar lightwave circuit (PLC) and an InGaAsP/InP SOA pair array as the nonlinear elements. SOAs and optical fibres were self-alignedly mounted on a 20 mmlong PLC platform [32] . To evaluate device performance, demultiplexing operation from 168 to 10.5 Gb s −1 has been examined. The wavelengths of the control and signal lights used were 1545 and 1560 nm. Signal and control pulses have been generated using actively mode-locked fibre lasers with pulse widths of 1.4 and 2.5 ps. The input and output signal waveforms and the measured bit error rate (BER) versus received power characteristics are shown in figure 10 . An important advantage of the use of SOA is a marked reduction of the switching energy. The control pulse energy coupled into SOAs was estimated to be 50-80 fJ in this experiment, indicating an extremely low energy at this ultrafast speed. The extinction ratio after the demultiplexing was better than 18 dB. The BER data show that error-free operation was achieved down to a BER of 10 −11 . A more recent study has shown successful demultiplexing operation even from 336 to 10.5 Gb s −1 [33] . Another interesting and important operation of the SMZ device is found in a polarizationdiscriminating SMZ (PD-SMZ) switch [34] . As shown in figure 11 (a), the PD-SMZ consists of an InGaAsP NLWG, birefringent crystals (BC1, BC2) and a polarizer. As the signal pulses pass Signal pulses through BC1, each pulse is split into a pair of orthogonally polarized signals with a time interval T , due to the group velocity difference between the ordinary and extraordinary lights in BC1. When a control pulse is injected to activate the nonlinearity, two orthogonally polarized pulses coming after the control signal experience phase shifts induced by the nonlinear change of the refractive index. Then, BC2 is used to recover the time difference and to recombine the two orthogonal signals. The polarization of the output signal is determined by the phase difference between two orthogonal components. Only those pulses for which the two orthogonally split components experience different phase shifts during the travel in NLWG, e.g. 2nd pulse in figure 11(a) , produce a polarization change in the output. Thus ultrafast switching similar to that in the original SMZ switch is achieved. Although the length of BC must be precisely determined in relation to the pulse repetition rate, the use of a single NLWG merits stable operation of the whole module. On the other hand, it may be worth noting that the same switching function can be realized by using a TE/TM beam splitter combined with Mach-Zehnder interferometer with different arm lengths (delays) instead of using BC, which is suitable for integrating the whole circuit.
Operation of the PD-MSZ switch has been demonstrated by a combination of InGaAsP bulk passive NLWG and calcite crystals, from which the shortest full width at half maximum (FWHM) pulse width of 200 fs has been measured at wavelengths of 1.73 and 1.52 µm for the control and signal, respectively, at the control pulse energy of 3 pJ, as shown in figure 11 (b). Also basic demultiplexing operation has been demonstrated, as shown in figure 12 , for a series of pulses with 670 fs intervals, corresponding to 1.5 THz repetition signals [34] . Another experiment using PD-SMZ composed of SOA as the nonlinear element has shown successful error-free pulse regeneration operation, indicating square-like modulation switching characteristics even at the bit rate of 84 Gb s −1 . Such an ultrafast operation speed is much faster than the carrier relaxation time in SOA (approximately 60 ps). Also the suitability of SMZ switches to integration and compact module is very advantageous for achieving a much higher stability in comparison with the optical fibre-based counterparts using interferometer configuration. More recent studies have shown the applicability of SMZ switches for a variety of optical functional devices such as ultrafast 3R at 84 Gb s −1 and wavelength conversion at 168 Gb s −1 [35] .
All-optical spin polarization switch
By using ultrafast relaxation of electron spin, an all-optical switch with simple vertical structure can be designed. In semiconductor QW, since the degeneracy of heavy-and light-hole bands are split at the point, it is possible to excite heavy-hole excitons selectively by illuminating light with a corresponding wavelength, as indicated in figure 13 . In addition, by using circularly polarized light, spin-polarized carriers can be excited because of the symmetry of the crystal: the left (right) circularly polarized light excites the spin-up (spin-down) electrons. After the excitation terminates, electron spin begins to relax so as to reach an equilibrium state where spin polarization is 50% up and 50% down. The time for electron spin polarization to relax is in the range of picoseconds in GaAs MQWs at room temperature [36] . Electrons and holes generated in the structure eventually recombine in nanoseconds in usual semiconductors. Since the spin polarization causes circular dichroism, its relaxation produces a transient in the polarization sensitivity of the optical properties of the structure.
A typical example of the structure of a spin polarization all-optical switch is illustrated in figure 14 [37] . This structure is essentially an etalon which is made by a pair of AlAs/(Al)GaAs distributed Bragg reflectors (DBRs) incorporating an AlGaAs/GaAs MQW. The configuration used for all-optical switching experiments is shown in figure 15 . Reflection (or transmission) from this etalon can be modulated by the excitation of MQW by a circularly polarized control (excitation) pulse at an appropriate wavelength. A signal (probe) pulse is linearly polarized, being equivalent to a superposition of right and left circularly polarized lights, and is fed into Figure 16 shows an example of the switching signal monitored in reflection configuration as shown in figure 15 . This indicates the switching pulse width to be 4 ps, which is consistent with an electron spin relaxation time of 28 ps determined from a separate pump-probe measurement. The switching energy estimated in this case is 50 fJ µm −2 , fairly low compared with other resonant nonlinearity-based devices. The total switching energy in this experiment was 9 pJ, but can be reduced by using a smaller beam size. The contrast ratio obtained was 4 : 1, and this can be improved by increasing the total MQW thickness [37] . Knowledge of electron spin relaxation is important from the viewpoints of both low dimensional material physics and ultrafast device applications at different wavelengths. Figure 17 summarizes the spin relaxation time measured at room temperature as a function of the electron ground state confined energy measured from the conduction band edge for GaAs-based QWs and quantum wires (QWRs) [38] and InP-based QWs [39] . A slope of -2.2 obtained for GaAsbased MQWs is consistent with the D'yakonov-Perel' (DP) mechanism in which spin-orbit interaction plays a dominant role. Our photoluminescence study on GaAs-based QWRs has shown an enhancement of the DP mechanism at lower dimensionality. It is interesting to note that InP-based MQWs exhibit shorter spin relaxation time. A smaller slope (−1) as found in figure 17 suggests a different relaxation mechanism in this alloy system, probably, caused by an enhanced contribution of the exchange interaction due to the Elliot-Yafet mechanism [36, 40] .
Such an ultrafast spin relaxation is independent of the usually long carrier lifetime (ns or sub-ns), and ultrafast switching is achieved. However, the repetition rate is still limited by the carrier lifetime. The carrier lifetime can be reduced considerably by introducing defects in the crystal using proton bombardment, Be-doping or low-temperature growth of the crystals [41, 42] . Figure 18(a) shows the cross section of a low-temperature-grown InGaAs/InAlAs MQW etalon device, which is named low-temperature-grown total reflection optical switch (LOTOS). Also, by introducing the polarization diversity configuration, polarization-insensitive switching operation together with an ultrashort pulse width of 300 fs and an extinction ratio greater than 30 dB has been demonstrated [41] . A signal repetition rate much greater than 100 GHz has been confirmed. Figure 18(b) shows the structure of a compact 16-channel demultiplexing module recently developed using the PLC technique [85] .
ISBT all-optical switch
In conventional semiconductor optoelectronic devices, interband transition (IBT) is used, and the response speed is determined by the electron hole recombination lifetime. Figure 19 illustrates a band diagram and possible transitions in a single QW (SQW) structure. ISBT in the conduction band can exhibit an ultrafast relaxation time unlimited by the carrier lifetime and also a large oscillator strength. A wide tunability is achieved by QW structure design using an appropriate material having a conduction band discontinuity large enough for the operation wavelength. Lasers [43] and photodiodes [44] , which combine ISBT with the quantum cascade carrier transport in superlattice structures, have been demonstrated in the infrared region. Also picosecond-class modulator and switch operation has been shown in GaAs-based MQW in the 2.5 µm wavelength range [45] . Most of the previous works were conducted on conventional compound materials such as AlGaAs/GaAs and InGaAs/InAlAs systems. However, one of the most important issues in developing ISBT switches for practical applications would be the operation wavelength range covering 1.55 and 1.3 µm bands. In the following, we describe progresses in two different material systems which are being examined for 1.5 µm wavelength operation: the Sb-containing InP-based system and the gallium nitride-based system.
4.3.1.
The InGaAs/AlAsSb system. The InGaAs/AlAsSb system is advantageous for application in long-wavelength devices due to its large conduction band discontinuity ( E c = 1.6-1.75 eV) [46] and small electron effective mass. In addition to this material property, the use of a coupled QW structure has been proposed to enhance the intersubband energy in QWs. Figure 20 illustrates the structure of a coupled-double-QW (C-DQW) structure consisting of two InGaAs wells separated by an AlAsSb barrier, which can be grown lattice-matched on an InP substrate [47, 48] . The enhancement of intersubband energy is caused by the split of quantized electron states when the coupling between the wells becomes sufficiently strong as the barrier thickness is reduced. ISBT absorption spectra calculated for a doped (n = 1 × 10 18 cm −3 ) well using Bastard's three-band model is shown in figure 21 for different barrier widths. For appropriate barrier widths, two separate absorption peaks corresponding to the 1-4 and 2-3 transitions are observed. All-optical absorption modulation can be achieved by using the interaction between these two ISBTs. The population difference between the second and third subbands can be reduced by irradiating a light (control light) resonant to the 1-4 transition, assuming that the 4-3 relaxation is sufficiently fast. This situation can be realized by designing the 4-3 energy difference larger than the LO phonon energy. Thus the absorption for the 2-3 transition decreases and a modulation of the signal light is achieved. Although the absorption coefficient slightly decreases as the barrier thickness reduces, it is still larger than 10 3 cm −1 , which is an order of magnitude larger than that of the 1-4 transition in a conventional uncoupled QW, and is sufficiently large for device operation. The design of the subband structure also has considerable influence on the response speed. Calculation of the rate equation has indicated that the response time is reduced down to 300 fs (pulse half-width) by the optimization of the triple-coupled QW structure [49] . Experimental verification of all-optical switching in InGaAs/AlAsSb has been carried out by using SQW and C-DQW structures grown on (1 0 0) InP substrates by molecular beam epitaxy (MBE) technique. Figure 22(a) shows absorption spectra for TE and TM polarization directions measured in a 60-period InGaAs (2 nm)/AlAsSb (8 nm) MQW doped to 1 × 10 19 cm −3 . Absorption has been measured using Fourier transform infrared on a sample with 45 • facets to allow multiple internal reflections. This result indicates an absorption peak near 1.95 µm, and the observed polarization dependence confirms the origin of absorption to be ISBT. Figure 22(b) summarizes a series of absorption spectra for various MQWs with different well widths in the range 1.5-4 nm [50] . Figure 23 shows a pump-probe measurement system used for evaluating the absorption recovery characteristics of ISBT. The pump pulse had a width of 150 fs and a wavelength of 1.95 µm to excite the intersubband energy, and the probe pulse with a spectrum broadened by a sapphire plate (about 1 µm) was used for monitoring the absorption change in interband absorption in InGaAs well, as indicated in the inset to figure 23. Figure 24 shows an example of pump-probe experiments carried out on an 80-period InGaAs (2 nm thick, 1 × 10 19 cm −3 doped)/AlAsSb MQW. The data show the interband (probe) absorption change at 1 µm as a function of delay after excitation with a 1.9 µm intersubband pump pulse, and the relaxation time was determined to be 2.1 ps [51] . To evaluate the nonlinearity, an absorption saturation measurement has been performed on the sample as described above [51] . An example of the results is shown in figure 25 , in which the absorption saturation is observed in the excitation power above 10 µW. Strong absorption observed at very high power is explained by the two-photon absorption in the material, predominantly in the InP substrate. The measured absorption characteristics have been fitted using the absorption coefficient as expressed by α(I) = α(0)(1 + (I/I s )) −1 + βI, where I is the excitation energy, I s the saturation energy and β the two-photon absorption coefficient as previously reported. The absorption saturation power based on this relationship is about 50 MW cm −2 , corresponding approximately to 1 pJ µm −2 . This saturation energy has been found to be sensitive to the structure of QWs and the interface quality of the QWs, particularly the interface abruptness of composition, which would be easily degraded due to Sb interdiffusion during the MBE growth. A recent study [52] has shown that an SQW structure, grown by inserting thin AlAs interface layers for minimizing the interdiffusion effects, exhibits a very strong and sharp absorption peak with α larger than 10 000 cm −1 and a half-width as small as 80 meV [52] . This QW structure has shown a record lowest saturation energy of 3 fJ µm −2 , suggesting the suitability of ISBT for low-power all-optical switching devices [53] . All-optical switching demonstration has been carried out by using a device with ridge waveguide structure, in which a 80-period InGaAs/AlAsSb C-DQW active layer is sandwiched between InAlAs cladding layers as shown in figure 26(a) . The pulse wavelength used is 1.55 µm, close to the 1-4 transition in this material. Figure 26(b) shows the result of ultrafast demultiplexing (DEMUX) operation, in which a series of four pulses with an equivalent repetition rate of 1 THz is demultiplexed into four different channels by changing the control pulse timing. The switching energy obtained is 27 pJ, and is expected to be decreased by QW structure optimization [54] .
GaN/AlGaN system and other material systems.
This material system has several advantages when applied to ISBT all-optical switches, including (1) extremely fast relaxation time down to 100 fs due to very strong electron-LO phonon interaction, (2) wide and continuous wavelength tunability because of direct transition nature over the entire composition range, (3) large absorption coefficient achievable by electron doping beyond 10 19 cm −3 and (4) absence of two-photon absorption due to wide bandgap energy. On the other hand, piezoelectricity and spontaneous polarization effects are strong in this material system, and special attention should be drawn in designing the QW structures. Also various challenges have been examined to overcome the difficulty of crystal growth due to large lattice mismatch (2.5% in GaN/AlN). Both MBE and MOCVD have been used for growth on sapphire substrate [55, 56] . Figure 27 shows the relationship between the ISBT wavelength versus the well thickness taking into account the built-in electric field at the interfaces. As shown in this figure, the wavelength is determined by the built-in field in thick QWs, since the quantized energy is determined by the slope of the potential in the QW, not by the well thickness. Very intense fields in the range of 1-3 MV cm −1 in GaN/Al 0.65 Ga 0.35 N and 5-6 MV cm −1 in GaN/AlN have been found to exist at the interface. In the communication wavelength range, in contrast, the operation wavelength is determined almost solely by the well thickness, and the controllability and reproducibility of the growth technique in the nanometre range becomes critical. Transmission wavelength in the range 1.4-1.3 µm has been achieved by recent investigations [57] . Figure 28 shows the response time measured on an MOCVD-grown GaN/AlGaN structure at the excitation wavelength of 4.5 µm using pump (intersubband)-probe (interband) measurement [57] . The apparent time constant determined in this result is 150 fs, and this is consistent with the theoretically predicted value below 100 fs, taking account of the pump pulse width as large as 130 fs. Also, the slower component fully recovers in less than 1 ps, which is beneficial for application to high-repetition-rate switching. Figure 29 summarizes the absorption recovery time as a function of ISBT energy including theoretical curves for both InGaAs/AlGaAs and GaN/AlGaN systems. It is noteworthy that the relaxation is more than one order of magnitude faster in nitride material compared with the GaAs-based system. Also, an absorption saturation measurement carried out on MBE-grown GaN/AlGaN QWs has shown the saturation energy to be as low as 0.5 pJ µ −1 m −2 at the wavelength of 1.48 µm [58] .
Another material system important for ISBT switch applications is II-VI compound alloys such as ZnSe/BeTe and CdS/BeTe, primarily due to very large conduction band discontinuity-2.3 eV for ZnSe and 3.1 eV for CdS. This material system can be grown 
Wavelength conversion switches using four-wave mixing in SOAs
Wavelength conversion can be achieved by modulating an external light source (CW) operating at a different wavelength by using cross gain modulation and cross phase modulation in SOAs within a limit of the SOA modulation speed, which is usually below 100 Gb s −1 [35] . Wavelength conversion based on coherent interactions such as SHG and difference frequency generation by using second-order nonlinear susceptibility χ (2) in quasi-phase matched LiNbO 3 devices [60, 61] and non-degenerate four-wave mixing (NDFWM) using χ (3) in InP-based SOAs [62, 63] are more important for ultrafast operation beyond 100 Gb s −1 in the communication wavelengths. We focus in the following on the latter approach. Figure 30 shows the structure of a monolithically integrated distributed feedback (DFB) laser/SOA device enabling NDFWM-based wavelength conversion [64] . In this device structure, laser emission is used as a pump light source and injection of the signal pulse produces the conjugate output light at the converted wavelength, which is defined by 2ω p − ω s , where ω p and ω s are pump (DFB laser) and input signal wavelengths, respectively. Although the converted signal intensity is 20 dB less than the amplified input, the SOA provides gain to recover this loss. This enables cascading such devices without additional amplifiers in a practical system. The pulse measurement has shown wavelength conversion of the sub-ps pulse without any severe pulse broadening, confirming the advantage of coherent nature of the present device principle [65] .
It is expected that the conversion efficiency is further improved over a wide range of detunings and also made independent of the detuning direction. QD material is promising in this respect due to its large oscillator strength and negligible linewidth enhancement factor. An experiment conducted to examine the capability of QD-SOA has shown promising results. Figure 31 illustrates (a) the structure of the ridge waveguide QD-SOA device used and (b) spectra showing wavelength conversion in the wavelength region near 1.3 µm. Figure 32 depicts the wavelength conversion efficiency as a function of the detuning frequency between the pump and signal lights. A symmetric conversion efficiency, independent of the detuning direction, is Figure 32 . Relative conversion efficiency as a function of the detuning frequency for a QD-SOA-based wavelength conversion device, indicating conversion direction-independent efficiency in QD-SOA [66] .
achieved in QD-SOA in contrast with conventional bulk SOAs. In bulk SOAs where the linewidth enhancement factor is as large as four, different nonlinear processes, namely carrier density pulsation and spectral hole burning, produce destructive interference resulting in a decrease in the conversion efficiency, which is proportional to the square of χ (3) . In QD-SOAs, in contrast, the interference occurs constructively due to negligible linewidth enhancement factor and detuning direction-independent conversion is achieved [66, 67] .
All-optical switches based on novel materials
Novel materials are required to be developed to fulfill the requirements of ultrafast device applications. In semiconductors, QD material has been extensively developed for application to ultrafast SOAs at communication wavelengths. Recent studies on QD-SOAs have shown various advantages, including ultrafast recovery time in the 1-3 ps range, higher gain-saturation power compared to bulk SOAs and an expected operation bit rate up to 160 Gb s −1 [82] . See [68] for details of QD-SOA gain performance and carrier dynamics. Also, high nonlinearity has been observed in wavelength conversion as already described above. Adding to such SOA basic performance, we have shown recently the possibility of adjusting the polarization sensitivity by controlling the QD shape during the multi-layer stacked growth process [83] . Whether the polarization insensitivity is established or not is critical in the application of devices to real systems, and this result is attractive for this goal.
Another approach being developed focuses on non-local interaction in the confined exciton system. Based on a theory of Ishihara et al [69] , the third-order nonlinear optical response of excitons in semiconductor thin-film structure can exhibit a remarkable size dependence, resulting in a strong enhancement of nonlinear response at particular film thicknesses. Such an enhanced response together with ultrafast response time near 1 ps has been demonstrated in GaAs heterostructure [70, 71] . Such materials are expected to be applied to practical devices as the material property becomes controllable on the basis of physics of these new phenomena.
Recent researches on carbon nanotubes have shown their possibility of ultrafast optical switching. Single-walled nanotubes (SWNT) having semiconductor nature can exhibit an energy band structure with a bandgap energy determined primarily by the nanotube radius. Since the IBT is extremely fast in the range of <1 ps, SWNT can play an important role as ultrafast alloptical switching material [72] . Initial application of carbon nanotubes as saturable absorber in mode-locked lasers has recently been reported. Generation of pulses with FWHM of 315 fs at the wavelength of 1.56 µm has been demonstrated [73, 74] . Further development of nanotubes both in material synthesis and optical characterization is required for the generation of useful ultrafast optical nonlinear materials.
Organic materials can be another attractive option due to their high nonlinearity. Also, they can be advantageous in forming large area films at low cost, and suitable for 2D array of alloptical switches. Molecular J aggregates such as pseudoisocyanine have been extensively studied for their large third-order nonlinear susceptibility χ (3) and fast decay in bleached absorption via many-exciton states and/or exciton-exciton annihilation. The structure of a J aggregate has been proposed to be an 1D molecular chain, and multiple molecules are excited coherently by a single photon. For developing practical J-aggregate films, an extensive study has been conducted recently on squarylium (SQ) dye derivates and the formation of stable J-ggregate films has been demonstrated by the simple spin coating technique using two kinds of SQ derivatives [75] . Figure 33 shows the chemical formula of SQ dye substituted with four butyl groups. SQ films with a typical thickness of 100 nm have been formed on glass substrates by spin coating from 1 wt% SQ in 1,2-dichloroethane. Absorption spectra show a sharp J-band absorption centred typically at 776 nm, as shown in figure 34 , whereas an SQ solution exhibits an absorption band centred at 640 nm for single molecules. The absorption coefficient determined at 776 nm is as high as 3.5 × 10 5 cm −1 , sufficiently high for designing thin-film switching devices. Transient response has been measured using a two-colour pump-and-probe system based on the combination of a Ti:S mode-locked laser and a pulse chirping prism-pair. The fastest recovery time has been obtained by using 820 nm excitation and 780 nm probe to be 98 fs (half decay time), and more importantly the signal recovers to 90% in 320 fs and the recovery completes within 500 fs, as is shown in figure 35 , which confirms THz repetition rate operation [76] . Typical response time and the absorption modulation ( T/T) measured near resonance are 200-300 fs and 30-40%, respectively. The energy required for such a switching is as low as several tens of fJ µm −2 , being as efficient as that in semiconductor QW materials as described in previous sections. More precise evaluation of the nonlinearity has been performed by the Z-scan technique to show the real and imaginary parts of χ (3) to be -4.2 × 10 −8 and -0.8 × 10 −7 esu, respectively [77] .
Ultrafast demultiplexing operation has been demonstrated by using a system incorporating an SQ-film-based 2D all-optical switch as shown in figure 36(a) [77, 78] . The signal beam consisting of a series of femtosecond pulses with 1 ps intervals (equivalent to a 1 THz repetition rate pulse series) is fed into the 2D switch. A single shot of the control (pump or readout) pulse is obliquely fed into the film, and the film becomes transparent as the control pulse scans over the film. An additional delay plate is used for generating time delay in the perpendicular direction on the switch surface. Due to such a time-of-fright effect, each of the signal pulses passes through different positions in the film and thus the serial pulses in the time domain are converted into discrete images in the space domain. The oblique angle used is 17.5 • and the spacing produced on the switch plane is 1 mm ps −1 . Figure 36(b) shows an image of the transmitted 8 bits of signal pulses detected by a CCD camera. This result indicates the basic operation of demultiplexing operation at 1 Tb s −1 , although the signal extinction ratio should be still increased by improving the recovery time and nonlinearity. Such a DEMUX operation by a single shot of the control pulse can be extremely useful in ultrafast signal processing such as the header signal recognition as required in photonic routers for packet switching. In such an application, serial to parallel conversion is performed in real time by using this ultrafast 2D switch and then the comparator operation can be performed in a space-parallel manner at a slower speed. For the applications in practical systems, materials must be guaranteed for temperature stability. Preliminary aging test has been carried out on the SQ J-aggregate materials and an extrapolated lifetime at room temperature of 100 000 h [77] . Very recently, the possibility of shifting the operation wavelength to the long-wavelength region has been shown by synthesizing a new dye molecule, di(benzofranonyl) methanolate (BM), which exhibits an absorption peak at 1100 nm [79] .
Current status of ultrafast all-optical switches
To provide an overview of the current status of development, figure 37 summarizes various alloptical switch data displayed as a function of the power per bit versus the switching time as has been first used by Smith [84] . Some of the all-optical switch data plotted have been projected from the reported response time and switching energy (e.g. absorption saturation energy). Other switching devices including electronic transistors, Josephson junction devices and optoelectronic switches based on integrated device structures are included for comparison [80] . Recent studies on all-optical switches have shown a response time of 1 ps for the switching energy well below 1 pJ, as already described above, and this is very promising for application to ultrafast systems beyond 100 Gb s −1 . This switching energy corresponds to the power consumption of 1 W in a chip when operated at the bit rate of 1 Tb s −1 , which would cause too much heat generation under continuous operation. Also, considering the plausible use of an integrated array of multi-channel all-optical switches operating at Tb s −1 -class bit rate in the future systems, technical challenges must be directed towards the reduction of switching energy by at least an order of magnitude. Enhancement of nonlinearity without a sacrifice of response speed is mandatory. Introduction of novel concepts including PCs [81] , QDs, etc are expected to play an important role in this direction.
On the basis of compact, low-power ultrafast devices, it will become very important to develop system architecture for further improving the system throughput and flexibility, utilizing the wide bandwidth of ultrashort pulses. Figure 38 shows a conceptual drawing of an extremely high throughput OTDM/WDM mixed optical interconnection system based on femtosecond lasers, all-optical switches and waveguide-based optical integration technology [80] . Femtosecond pulses generated in a laser are multiplexed in time by a waveguide multiplexer and then separated into different wavelength channels by an arrayed grating wavelength demultiplexer. On the other hand, coding of ultrashort pulses can be carried out by external electronic signals at a slow rate (equal to the laser repetition rate) using arrays of optoelectronic modulators combined with waveguide delay lines. These coded signals are used as the control signals to arrayed all-optical modulators, so that all electronic signal channels are coded in time and wavelength divisions. When optimized, such mixed use of OTDM and WDM is expected to provide an extremely high throughput as well as a high flexibility of signal coding. Also, the combined use of optoelectronic and all-optical switching schemes is expected to merit the realization of reconfigurable optical interconnection and signal processing systems.
Conclusions
The development of compact, stable ultrafast all-optical devices is a key tool for constructing Tb s −1 optical communication systems to meet the increasing needs of information throughput. As has been reviewed in this paper, a variety of all-optical devices for ultrafast pulse generation, dispersion and delay control, switching, reamplification and wavelength conversion have been demonstrated at a bit rate of 100 Gb s −1 to 1 Tb s −1 . Some of the devices have reached a technical level where the fabrication cost is the most significant issue for real application at moderate bit rates. Towards Tb s −1 -class applications, however, ultrafast devices require a still higher repetition rate and lower power consumption. Future technical challenges should continue to exploit novel ultrafast phenomena, materials, device concepts and also system architecture compatible with all-optical devices, and this will lead to practical ultrafast devices and systems to support the overall throughout in the range of 1-10 Tb s −1 .
